A Cu-catalyzed benzannulation reaction transforms ortho(arylene ethynylene) oligomers into orthoarylenes. This approach circumvents iterative Suzuki cross-coupling reactions previously used to assemble hindered ortho-arylene backbones. These derivatives form helical folded structures in the solid-state and in solution, as demonstrated by X-ray crystallography and solution-state NMR analysis.
Introduction
Oligomers and polymers based on linking arenes are ubiquitous in materials chemistry, with applications that include photovoltaics, eld effect transistors, light emitting diodes, sensing, dielectrics, dyes, and coatings.
1 Many of these applications achieve optimal performance by controlling the relative distance and orientation between key aromatic systems. From a structural standpoint, oligo-and polyphenylenes are among the most simple motifs, and high molecular weight poly(pphenylene)s and poly(m-phenylene)s have been studied extensively.
2 p-Phenylenes have served as precursors to graphene nanoribbons, while m-phenylenes provide improved solubility 3 and have found use in display technologies, including electrophosphorescent devices and liquid crystal displays. Oligo and poly(o-arylene)s are much less explored because they are more difficult to access (Scheme 1). Hartley 5 prepared oligo(o-phenylene)s using iterative Suzuki cross-couplings, while Aida 6 oxidized Lipshutz cuprates to prepare longer oligomeric mixtures (Scheme 1). Ito and Nozaki synthesized poly(oarylene)s via formal aryne polymerizations, 7 and most recently
Scheme 1 Synthetic approaches to o-arylenes.
Mikami and Uchiyama developed a copper-mediated polymerization of aryne intermediates. 8 These pioneering studies revealed that o-phenylenes adopt specic folded structures, which might organize functional aromatic systems if more powerful synthetic protocols are developed.
Cycloaddition reactions that convert oligo(o-phenyl ethynylene)s to oligo(o-arylene)s offer a means to simultaneously avoid challenging cross-coupling reactions and provide access to novel oligo-arene sequences. We recently expanded the scope of the Asao and Yamamoto 9 benzannulation, which transforms alkynes into 2,3-disubstituted naphthalenes, to provide heavily substituted naphthalenes as single regioisomers. 10, 11 The reaction tolerates congested aromatic structures and is applicable to both small molecules 12 and polymers. 13 Here we apply this transformation to o-(arylene ethynylene)s and related structures containing strategically placed diynes. The resulting o-arylene structures adopt helical conformations in solution and the solid state, such that the specic pattern of alkynes and diynes in the starting material is translated into predictive arrangement of stacked aryl groups in the product. The naphthalene groups incorporated into these structures provide a stronger preference for folding, oen >95%, whereas o-phenylene oligomers range from 49-96% folded, with electron withdrawing substituents needed to achieve higher values. These o-arylenes are also precursors to graphene-like nanostructures, which we demonstrate through surface mediated synthesis.
Results and discussion

Synthesis
Various hydrocarbon and halogenated benzaldehyde reagents convert o-(arylene ethynylene)s to o-arylenes with different sequences and halogenation patterns. Oligo(o-arylene)s of varying length and an alternating phenylene/ethynylene repeating pattern [(ab) n ] were reacted with three different benzaldehydes, to access hydrocarbon, uorine-, or chlorinesubstituted structures. Despite observing complete conversion of the starting material in all cases, isolated yields decrease for precursors bearing more alkyne functions, which we attribute to their lower stability under the acidic reaction conditions. In these cases, the degradation products are easily removed during chromatography. In the future, alternative benzannulation conditions 14 with reduced acid concentrations might provide improved yields. Sequence-dened o-arylene oligomers are available from o-phenylene ethynylene precursors containing mono-and diyne groups. For example, complex sequences such as "(abb) 2 a" and "(ab) 2 (ba) 2 " (Scheme 2) are achieved via cycloadditions starting from either diyne-based precursor 5, or mixed systems containing both mono-and diynes, such as precursor 6.
Structural characterization
One of the dening characteristics of foldamers is that they have more than one conformation accessible, which includes a folded state and one or more unfolded, or partially unfolded, state. 15 We used density functional theory (DFT) to investigate the conformational behaviour of our foldamers, including calculating their relative energies and the energy barrier for the conformational interconversion between the two lowest energy structures. 1D and 2D NMR experiments provided experimental validation of the solution-state structure and the folding dynamics (see ESI for details †).
Many of the o-arylenes illustrated in Scheme 1 were characterized using single-crystal X-ray diffraction. These structures reveal their ability to fold in a "closed" helical conformation, enabling analysis of dihedral angles and distances between aromatic systems ( Fig. 1 and Tables S5-S6 †) . 16, 17 The dihedral angles (f i , see Fig. 2 ) associated with the biaryl linkages that dene the conformation of H-Ar-2, H-Ar-3 and H-Ar-4 consistently fall between À42
and À64 (or +42 and +64 for its enantiomer; these interconvert rapidly in solution at room temperature). The intramolecular p-stacking between the i th and (i + 3) th arene is evident in the crystal structures, with noncovalent C/C distances ranging from 3.1-3.5Å. The solutionstate structures of each foldamer were determined using 2D NMR techniques (COSY, NOSEY, ROSEY, HSQC, and HMBC) and support a folded structure analogous to that observed in the solid-state. The 1 H NMR spectra of the X-Ar-3 foldamers (X ¼ H, F, Cl) reveal one major set of signals in CDCl 3 , corresponding to the folded structure. An additional set of signals in the 1 H NMR spectra are observed, which correspond to a minor, partially unfolded conformer (vide infra). The ratio between the folded and partially unfolded conformers is inuenced by halogen substituents introduced during the benzannulation reaction. The minor conformation is most prominent in the spectra of hydrocarbon H-Ar-3, and decreases as X changes from H to Cl to F in the X-Ar-3 series (Fig. 2) . DOSY NMR was inconsistent with these signals corresponding to different aggregation states, as the self-diffusion coefficients measured for both species were nearly identical. Furthermore, EXSY cross peaks between these two sets of signals establishes the ability for these species to interconvert in solution (see ESI for details †). DFT calculations performed using the M06-2X functional 18 and the 6-31G basis set provide additional insight into the conformational structure of the oligo(o-arylene)s. This functional was chosen because it accurately describes non-covalent interactions, including aromatic stacking interactions. The conformation of the o-arylene foldamer is dened by the dihedral angles of aryl-aryl linkages (see Fig. 2 for the denition of f i ). Within the context of foldamers X-Ar-[n], the relaxed potential energy surface analysis associated with C-C bond rotation of between the outermost naphthalene and its neighbouring phenylene ring provides two local minima, dened as A and B, corresponding to dihedral angles of ca. À50 and +135
(or +50 and À135 for its enantiomer), respectively (see ESI for details †). The series of all the aryl-aryl linkages of the foldamer denes the conformation, which we classify with a letter (A or B) and the series of these letters are arranged in order to provide an n-letter code for an oligomer of (n + 3)-arenes using the following denition for f 2 to f nÀ1 . Following Hartley's naming convention,
); the opposite signs correspond to the analogous enantiomeric conformation. The "C" state emerges due to intramolecular edge-to-face p-stacking interactions between the i th and (i + 4) th arene, although these are oen signicantly less stable conformers than those that do not contain such C states. 20 For example, the folded X-ray crystallographic geometries of trimeric and tetrameric foldamers H-Ar-3 and H-Ar-4 shown in Fig. 1 correspond to conformer AAAA and AAAAA, respectively.
The most stable conformations of the X-Ar-3 o-arylenes (X ¼ H, F, or Cl, ESI, Table S5 †) have folded forms AAAA, which are signicantly more stable than the unfolded forms BBBB for all substitution patterns. Conformation BBBB is 16.1 (X ¼ H), 17.2 (X ¼ F), and 17.6 kcal mol À1 (X ¼ Cl) higher in energy relative to the corresponding AAAA conformer (Fig. 2) . Solution-state NMR analysis supports AAAA being the most stable conformation, which is also the conformation observed by X-ray crystallography. Defect states are least energetically costly at the ends of the foldamer instead of the middle, as conformation AAAB is more stable than AABA. The AAAB structures are 4. ). This stabilization suggests that halogenation of the foldamer will lead to a higher population of AAAA-folded molecules, indeed this is observed in solution. NMR spectroscopy of X-Ar-3 in CDCl 3 indicates that AAAB is the structure of the minor conformer observed in Fig. 2 . The population of folded state AAAA increases from 86% to 88-94% as X changes from H to Cl to F, respectively, for CDCl 3 solutions at 0 C (Table 1 ). The population of the folded conformer increases as a function of oligomer length, specically, the folded population for X-Ar-4 are 91% for X ¼ H, 96% for X ¼ Cl, and 97% for X ¼ F. The modied sequence of arenes in foldamers F-Ar-5 and F-Ar-6 leads to naphthalene-naphthalene p-stacking, in contrast to phenylene-naphthalene p-stacking present in X-Ar-3 and X-Ar-4. Increased stabilization of the folded state derives from the larger cofacial p-stacking surface area provided by the naphthalene-naphthalene interactions in F-Ar-5 and F-Ar-6, resulting in nearly quantitative folding (99% and $99% folded, respectively) as determined by 1 H NMR spectroscopy. DFT calculations correctly predict increased folding population for F-Ar-6 compared to F-Ar-5, with both superior to F-Ar-4 (see ESI for details †). These observations highlight one of the benets of sequence-dened oligomers, as a simple change in sequence can inuence folding behaviour and optical/electronic properties (vide infra). Additionally, the consistently high population of the folded conformer regardless of the substituents or sequence in these o-arylenes illustrates the benet of incorporating naphthalenes into o-arylene foldamers (Table 1) . Additional details regarding thermodynamic and kinetic parameters (rate & activation barriers) associated with the folding/unfolding equilibrium for these o-arylenes, including van 't Hoff and Eyring analyses is provided in the ESI. †
Optical & electrochemical properties
The foldamers show UV-vis absorption and emission characteristics that are sensitive to the presence of naphthalenenaphthalene intramolecular p-stacking (Fig. 3) . Longer oligomers of the X-Ar-1 to X-Ar-4 series show increased molar absorptivity associated with their larger number of chromophores but no major shi of l max to lower energy associated with coplanar conjugated systems. Instead a slight blue-shi in l max and a narrowing of the absorption band is observed. The photoemission spectra of F-Ar-4 to F-Ar-6 reect differences in the helical structures. F-Ar-4 contains only phenylene-naphthalene through-space interactions and exhibits the most blueshied photoemission (l max,em ¼ 370 nm). 21 Both F-Ar-5 and FAr-6 have two naphthalene-naphthalene interactions, which leads to 12 and 10 nm emission red shis, respectively, relative to F-Ar-4. It is unclear whether the small differences in l max,abs and l max,em between F-Ar-5 and F-Ar-6 originate from differences in their arylene sequences or subtle differences of their through-space interactions.
Cyclic voltammetry (CV) experiments (CH 3 CN, 0.1 M Bu 4 -NClO 4 supporting electrolyte) reveal progressively more facile oxidation with increased oligomer length (Fig. 4) . Namely, the onset of oxidation (vs. Ag/AgClO 4 ) decreases monotonically from 1.184 V (H-Ar-1) to 1.090 V (H-Ar-2), 1.006 V (H-Ar-3) and nally 0.979 V (H-Ar-4), indicative of a lowering of the HOMO energy for longer oligomers. 22, 23 This trend is likely to arise from intramolecular through-space interactions that stabilize the electrochemically generated radical cation. It is also possible that oxidation occurs from an unfolded conformation that is a more planar, delocalized structure, but we judge this possibility less likely given the high energetic penalty for this process in the neutral form. The oxidation process is chemically irreversible as shown from the mismatch in current density between the anodic and cathodic peak for the oxidation wave in the CV. Electrochemical oxidation might induce full or partial oxidative cyclodehydrogenation to form larger aromatic structures (vide infra). This possibility led us to explore the conversion of foldamer structures into dened larger aromatics (e.g. nanographenes).
On-surface nanographene synthesis
The ability to access o-arylenes and introduce functionality, such as halides, on the arenes in the nal step opens up new opportunities. For example, polymeric derivatives of these foldamers might serve as precursors to graphene nanoribbons, in which this bottom-up approach enables the control of width, length, and edge structure (e.g., hydrogen vs. halogen edge termination).
24,25
The oxidative cyclodehydrogenation of X-Ar-[n] could enable exquisite control in forming armchair graphene nanoribbons of 8 carbons in width and varying length up to 20 carbons with the potential for one edge of the ribbon being halogenated while the opposing edge is hydrogen terminated (Scheme 3). As a proof of principle, herein we report the conversion of foldamer H-Ar-3 to polycyclic aromatic hydrocarbon H-8 via a surface-mediated process.
Evaporation of H-Ar-3 in ultra high vacuum enabled its deposition onto Au(111). The STM image in Fig. 5a illustrates a surface coverage of 0.8 monolayers of H-Ar-3 on Au(111) obtained aer deposition of the H-Ar-3 molecules. The molecules are seen to form ordered crystalline domains approaching ca. 20 nm (a diagonal grain boundary separating two such domains is visible in Fig. 5a ). At lower surface coverage, H-Ar-3 selectively attaches to step edges of Au(111) (Fig. 5b) . A close up of several molecules (Fig. 5c) clearly shows the non-planarity of H-Ar-3, which exhibits an apparent height of 3-5Å depending on molecular conformation.
Upon annealing the H-Ar-3/Au(111) to 286 C, a change in the shape of the molecules is observed consistent with conversion to H-8. 26 Fig . 5d shows the dominant product (60%): a planar, trapezoidal molecule with measured height of 1.9 AE 0.1Å. The dimensions of this structure (1.9 AE 0.2 nm Â 1.3 AE 0.2 nm) are consistent with DFT predicted dimensions of H-8 (Fig. 5e) . It should be noted that an intermediate annealing temperature of 250 C is enough to convert some molecules ($10%) to the desired H-8 product, but with the remaining sample still consisting of non-planar molecules.
Conclusions
We have developed a direct synthetic approach to oligomeric oarylenes based on a cycloaddition strategy using acetylenic motifs to control arylene sequence. Characterization of these oligomers reveals they are able to fold into helical structures due to intramolecular non-covalent interactions, which are inuenced by sequences of naphthalene and phenylene units as well as by halogen substituents. The folded structures are observed in the solid state by X-ray crystallography and in the solution state by NMR spectroscopy. DFT calculations shed light into the various conformations available, their relative energies and selected energy barriers for their interconversion.
The sequence of the o-arylenes inuences both folding properties and optical properties. These foldamers hold potential for sensing guests capable of disrupting intramolecular p-stacking or intercalating between arenes. Extending these methods to longer oligomers or polymers will provide structurally dened graphene nanoribbons with unsymmetrical edge functionalization (i.e., H vs. F edge termination). These studies highlight the utility of this cycloaddition approach for the realization of functional carbon nanostructures via a bottom up approach.
